. In rats, injection of CREB antisense oligonucleopocampal long-term potentiation (LTP) and long-term heterosynaptic facilitation of sensorimotor synapses in tides into the hippocampus disrupts consolidation of a spatial learning task (Guzowski and McGaugh, 1997), the marine mollusk Aplysia; application of RNA or protein synthesis inhibitors can suppress a late phase of while similar injections in the amygdala block the consolidation of the memory for conditioned taste aversion these phenomena when given within a narrow temporal window following induction ‫03ف(‬ min). More recently, (Lamprecht et al., 1997). Finally, mutant mice that lack the ␣ and ␦ isoforms of CREB are impaired in both a attention has been focused upon molecular mechanisms by which induction of LTP might regulate gene late phase of LTP and in long-term (but not short-term) expression. One candidate mechanism involves the memory of certain behavioral tasks (Bourtchuladze et cAMP response element-binding protein (CREB), a nual., 1994). clear protein that regulates the transcription of genes In addition to LTP, there are patterns of synaptic stimwith a CRE site in their promoter. CREB belongs to a ulation that have been shown to produce use-dependent large family of transcription factors that contain basic synaptic weakening or long-term depression (LTD; see leucine zipper domains and is capable of forming homoLinden and Connor, 1995, for review). One particular dimers or heterodimers with its closely related family form of LTD, found in the cerebellum, has been sugmembers, activating transcription factor-1 (ATF-1) or gested to underlie certain forms of motor learning CREM. CREB is an attractive candidate for transducing (Thompson, 1986 for induction: Ca 2ϩ influx through voltage-gated chanthis and other preparations are believed to be postsynaptic. In addition, using a culture preparation, it has nels triggered by the climbing fiber excitatory postsynaptic potential and mGluR1 and AMPA receptor activabeen shown that cerebellar LTD has an input-specific late phase that may be blocked by either transcription tion produced by the activation of parallel fibers. These initial signals are followed by stimulation of protein kiinhibitors, translation inhibitors, or somatic/nuclear removal (Linden, 1996). nase C, the brief activation of which is also required. line responses to test pulses of glutamate, glutamate/ Purkinje neurons loaded with fura-2 and subjected to the same depolarization pulse used in LTD induction (3 depolarization conjunctive stimulation was applied, and test pulses of glutamate were resumed to monitor the s pulse to 0 mV). Table 1 ). microscopy were subjected to recordings as described above. A-CREB-transfected cells exhibited LTD that iniIf CREB activation is necessary for the establishment of a late phase of cerebellar LTD, then inhibition of the tially appeared normal (51% Ϯ 7.6% of baseline at t ϭ 30 min, n ϭ 7) but that failed to establish a late phase kinase(s) that phosphorylate CREB at its activation site, Ser-133, in response to LTD induction would be ex-(92% Ϯ 8.6% of baseline at t ϭ 120 min). The time course of this response is very similar to that produced by pected to block this late phase. To this end, protein kinase inhibitors were applied immediately following application of RNA or protein synthesis inhibitors (Linden, 1996). Several controls were performed in which the LTD induction and were maintained in the bath during monitoring of the time course (Figure 2A) . Two different late phase of LTD remained intact, including transfection with the empty A-CREB expression vector (52% Ϯ 7.1% PKA inhibitor drugs (KT5720, Rp-8CPT-cAMP-S) were without effect (57% Ϯ 9.4% of baseline at t ϭ 120 min of baseline at t ϭ 120 min, n ϭ 6), GFP alone (55% Ϯ 5.8% of baseline, n ϭ 14), and a similarly constructed and 51% Ϯ 8.0% of baseline at t ϭ 120 min, n ϭ 6, respectively). To confirm this negative result, Purkinje Acidic-Zipper expression vector in which the leucine zipper was derived from the transcription factor ATF-2 neurons were transfected with a PKA inhibitor construct that uses a plasmid in which a Rous sarcoma virus (A-ATF2; 56% Ϯ 9.6% of baseline, n ϭ 6). A-ATF2 does not block CREB DNA binding activity (Ahn et al., 1998 9.0% of baseline at t ϭ 120 min [n ϭ 6] and 58% Ϯ phase that was similar to that seen with dominant-negative CREB transfection (82% Ϯ 8.1% of baseline at t ϭ 9.5% of baseline at t ϭ 120 min [n ϭ 5], respectively). How can we be assured that these PKA inhibitors are 120 min, n ϭ 8, 96% Ϯ 7.6% of baseline at t ϭ 120 min, n ϭ 8, respectively). However, the CaMK inhibitors (but active in the present conditions? Previous work from this lab has shown that KT5720 (10 M), when applied not the PKA inhibitors or RSV-PKI transfection) produced a significant attenuation of depolarization-evoked Ca The main finding of this study is that the activation of compared with GFP alone (475 Ϯ 52 nM, n ϭ 5, p Ͼ both CaMKIV and CREB is required to establish a late 0.10 for both).
phase of cerebellar LTD in culture. Because LTD was Activation of the Ras/MEK/MAPK/RSK2 pathway also induced and monitored in a way that did not recruit results in Ser-133 CREB phosphorylation and has been neurotransmitter release, it may be concluded that these suggested to be important for a late phase of LTP in processes are enaged in the postsynaptic cell, the Purthe hippocampus and amygdala as well as for certain kinje neuron. To our knowledge, these findings repreforms of long-term memory (Brambilla et A secondary finding of this study is that three distinct and 54% Ϯ 8.9% of baseline at t ϭ 115 min, respectively, manipulations that inhibit MEK attenuate mGluR1-n ϭ 6/group). However, when 100 M PD98059 was evoked Ca 2ϩ mobilization, suggesting a particular form applied 10 min prior to LTD induction, the initial ampliof physiological cross talk between these important tude of LTD was reduced (84% Ϯ 9.5% of baseline at biochemical pathways. This cross talk could impact t ϭ 5 min, n ϭ 7), and this reduced amplitude persisted mGluR1 signaling at any one of several points, including for the duration of the recording (86% Ϯ 9.2% of baseline mGluR1 itself, its coupling to phospholipase C, or the at t ϭ 120 min). whether it contributed to CRE-mediated transcription.
glutamate were delivered using negative current pulses (600-900
